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SUMMARY

Four multiweb box beams were subjected to radiant heating at rates

up to 90 Btu/fta—sec. The heating was unsymmetrical (only one cover of
each beam was heated) and no external loading was applied during heating.
Measured temperatures in the covers and webs are given. Thermal stresses
buckled the covers while the beams were being heated and the webs ag the
beams were cooling. The temperatures at which buckling of the covers
occurred were approximastely the same for beams with ribe as for beams
without ribs. Measured sitrains in the webs were used to determine bending
distortions and stresses. Stresses at buckling were found to agree with
those predicted by an elementary thermal-stress analysis. A description
of the rapid-heating apparatus 1is presented.

INTRODUCTTION

The high-tempersture boundary layer in supersonic flight or thermal
radiation of thermonuclear explosions may subject fubure aircraft to very
high heating rates. Such rapid heating of the surface of the aircraft
can induce thermal stresses in the load-carrying structure which may have
serious consequences aerodynamically as well as structurally. For example,
thermal stresses can sttalin magnitudes sufficient to buckle the skin and
thus destroy the aerodynemic smoothness of the surface or they may decrease
the stiffness of the structure and make it more susceptible to aeroelastic
difficulties.

The purpose of the present investigation was to observe the effects
of rapid heating on a shell type of structure. Multiwedb box beams were
subJected to high rates of heating by exposing one cover of each beam
to a radiant-heat source. No external loading was spplied to the beams
during heating. Temperatures in the heated skin and in the webs, dis-
tortions of the skin, and strains in the webs were measured during the
heating cycle.
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The heating rates and the sizes of heated areas of the specimens of
the present investigation required a combination of density of energy
and ‘total energy which necessitated the development of special heat-
radiating apparatus. This apparatus is described in appendix A.

SPECIMENS, TESTS, AND INSTRUMENTATION

Four multiweb box beams, two with ribs (as shown in fig. 1) and
two without ribs, were subjected to rapid heating. The material of the
beams was clad 2024-T4 (formerly clad 248-T4) aluminum-alloy sheet. Fig-
ure 2 shows one of the box beams in testing position in front of the heat
radiator.

Tests

Of the four beams subjected to rapid heating, two beams, one with
ribs and one without ribs, were heated at & rate of about 80 Bﬁu/fta-sec

and the remaining two at about 25 Btu/fta-sec. Heat was applied to one
cover only of each beam and no external loading was applled during the
heating cycle. The durations of heating were about 4 seconds at the
higher rate and 14 seconds at the lower rate. The data on times, temper-
atures, and heating rates are presented in table I. Heating of the speci-
mens was by radiation. A detalled description of the radiator and of

its performance 1s presented in appendix A.

Instrumentation

Beams wlth ribs.- Each beam contained 15 thermocouples on the
heated cover and interlor webs, 10 strain gages on 1 interior web, and
4 cantilever-type geges to detect buckling of the cover. The locations
of the thermocouples and strain gages are shown in figure 3(a). Ther-
mocouples were made from No. 30 iron-constantanr wire with the junctions
peened into a small hole and then welded to the beam. Strain gages were
Baldwin type AB-5 SR-U4 resistance wire gages. All data were recorded on
two Miller oscillographs in synchronization.

Each cantilever gage consisted of an aluminum-slloy cantilever beanm
and a steel pin with conical ends; one end of the pin rested agasinst the
inner surface of the heated cover end the other end rested against the
tip of the cantilever beam. The cantilevers may be seen in figure 2;
they are attached to the unheated side of the beam and the steel plns
pass through small holes in the unheated cover. Displacements of the
cover out of its original plane produced deflection of the cantilever
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beams, and the changes in strain at the root of the cantilever, measured
by wire strain gages, served as an indication of buckling of the beam
cover. :

Beams without ribs.- Instrumentation of the beams without ribs con-
sisted of 1k thermocouples on the covers and 1 interior web, 6 strain
gages on the other interior web, and 4 cantilever geges. The locations
of thermocouples and strain gages are shown in figure 3(b). All data
were recorded on two Miller oscillographs in synchronization.

RESULTS AND DISCUSSION

Beam Behavior During Heating Cycle

A brief description of the typical behavior of a beam and the
sequence of events during the heating cycle will aid the presentation
of results. Upon exposure of the beam to the heat the cover temperature
increased rapidly - approximately 200° F and 60° F per second for the
high and low rates, respectively. The expansion of the cover produced
curvature of the beam, with the convex side towerd the heater. ILongi-
tudinal expansion of the cover, restrained by the cooler webs, resulted
in induced compressive stresses in the cover and corresponding tensile
stresses in the webs. These stresses increased in magnitude until the
cover buckled.

At the conclusion of heating, the cover temperature was at its mexi-
mum, but a large part of each web had undergone no temperature change.
At a relatively long time after heating ceased, the webs developed buckles
near the hot cover. The times at which the webs buckled varied consid-
erably inasmuch as the beams were cocled simply by blowing room air over
them. When the entire beam was again at room temperature, deep permanent
buckles remained in the heated cover and in the webs, and the beam was
bent concave toward the heater.

Temperature Distributions

The measured temperature rise (from room temperature, approximately
80° F) in the covers and webs of the four beams is shown in figures 4 to 7
at times corresponding to three significant events of the heating cycle:
buckling of the cover during heating (as determined by displacements of
the cantilever gages), maximum cover temperature at conclusion of heating,
and buckllng of the webs during cooling of the beam. The temperature
is shown as a functlon of distance from the center of the beam. When
distances from the center of the beam to thermocouples in the cover were
determined, the juncture of web and cover was taken at the center of the
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rivet in the web attachment flange. It should be noted that, for fig-

ures 4 to 7, the temperature at the Juncture of web and flange was measured
by a. thermocouple on the inside face of the web attachment flenge; this
temperature is therefore lower than some average temperature (which might
be considered more representative) of the web-cover Juncture.

Temperature distributions at time of buckling.- For both heating
rates used in this investigation, the temperature-distribution curves
show that, when the cover buckled, most of the webs had undergone no
appreciable change in temperature and most of the cover was near the
meximum cover temperature. Buckling of the covers for all the beams
could therefore be expected at about the same temperature. The dsta
(parts (a), figs. 4 to 7) show that buckling occurred when the temperature
rise in the cover of each beam was approximately 500° F.

Temperature distributions at maximum cover. temperatures.- The temper-
ature distributions at meximum cover temperature are similar to those at
buckling. Maximum cover-temperature rises were 700° F to l,OOO° F approxi-
mately, but the center of the web and much of the web between the center
and the heated cover had experienced little temperature rise.

Temperature distribution st time of buckling of webs.~ Buckling of
the webs occurred a relatively long time after heating had ceased and
after most of the web had been heated to some extent by conduction from
the hot cover. Temperature gradlents were greatly decreassed from those
at buckling of the cover and at conclusion of heating.

Thermal Strains

ILongitudinal strains were measured on the webs of the beams during
the heating cycle. Analysis of these data showed that strain veried
linearly across the depth of the beam and reached maximum velues at a
time which coincided with an indication of buckling displacements in
the covers. The strain distribution at a time before buckling, at the
buckling time, and at a time near maximum temperature is plotted as a
function of beam depth in figure 8 for beams 1 and 2. Extrapolation
of straight lines through the data yields values of strain in the covers
and locates the position of the neutral axis as the beams bend during
heating. The reversal in strains can be attributed to the abrupt change
in stiffness of the heated cover when buckling occurs.

A typical strain-time history, obtalned from a pair of back-to-back
straln gages, 1s presented in figure 9 for the longitudinal strains at
the center line of & web of beam 3. Tensile strain was induced in the
web as the heating began, and the strain increased uniformly until the
the cover buckled. After the cover buckled, strain in the web decreased;
initially, the decrease was rather abrupt but became more gradual after
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heating was discontinued. The web strains shown by the curves of figure 9
include thermal expansion for times after approximately 15 seconds; for
those times the web material at the gage locatlion was being heated by
conduction from the hot cover. Divergence of the curves for the back-
to-back gages in.the range of 50 to 60 seconds indicstes the inception of
buckling of the web. The web-buckling times, however, were determined from
strain reversal of one of the pairs of gages. Because of the msnner in
which the web was heated, web buckling was a progressive phenomenon and was
not symmetricel with respect to the longitudinal center line of the web.

Thermsl Stresses
From the velue of cover strain for the time at which buckling
occurred (determined from fig. 8 for the times of 2.3 and 8.4 seconds

for beams 1 and 2, respectively), a cover stress at buckling can be
determined from the equation

o= E(e - @ AT)

where

E modulus of elasticity at temperature
€ cover strain

a coefficient of thermsl expansion

AT temperature rise in cover

The buckling stresses thus determined for the covers of beams 1 and 2
are 20,400 psi and 24,400 psi, respectively.

In appendix B, expressions are derived for the thermal stresses in
an idealized multiweb beam with a temperature distribution as shown in
figure 10 -~ one cover at a high tempersture and the web and other cover at
a low temperature. The stress in the heated cover is given by equation (B9)
of eppendix B. The actual temperature distributions in the beams (figs. L4
to 7) are represented approximately by the idealized distribution used in
the derivation. The calculated thermal stress in the cover, when the
heated cover is at 5800 F and the remainder Qf;the cross sectlon is at
80° F, is 20,900 psi. These temperatures are approximately the temper-
atures measured in each test specimen at the time of buckling of the
heated cover. This calculated stress level is in agreement with the
stress indicated by the strain measurements and corresponds to a buckling-
stress coefficient k = 4.5 for a width of cover plate equal to the dis-
tance between web lines. A value of k somewhat greater than 4 (corre-
sponding to simple support at the web lines) appears to be reasonsble.
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Permanent Deformations

Figure 11 shows the deformations of a beam subjected to rapid
heating. The cover of beam 3 before heating is shown in figure 11(a);
the permanent buckles remasining in the cover after heating are shown
in figure 11(b). A profile of the cover deformation taken longltudinally
through the center of each bay is shown in figure 11(c). For this par-
ticular beam the cover was initially siightly curved as indicated by
the deviation of the profile of the cover before heating, shown by the
top heavy line, from the light, straight line through the ends of the
beam. The profile after heating is shown by the botitom line and the
shaded area indicates the amount of permanent deformetion.

CONCLUSIONS

Temperature distributions were measured in the covers and webs of
four multiweb box beams subjected to raplid heating st nominal rates of

25 and 80 Btu/ftz—sec. Only one cover of each beam was heated and no
external loeding was applied. Similar results were obtained at both
heating rates and for beams with and without ribs.

Compressive thermal stresses Induced in the heated covers by the
regtraint of the unheated parts of the beams were sufficlent to cause
buckling. The thermal stresses calculated from the measured strains
at buckling were in agreement with the stresses predicted by an elemen-
tary thermsl-stress analysis. A reversal in bending distortion was
noted at buckling which was attributed to & sudden loss in stiffness in
the heated covers.

In addition to cover buckling, buckles developed in the webs as
the beams cooled. Upon cooling to room temperature, the buckles remained
in the beams and were superposed on & permanent bending distortion.

Tangley Aeronsutical Iaboratory,
National Advisory Committee for Aeronautics,
langley Field, Va., May 27, 1955.
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APPENDIX A
RAPID-HEATING APPARATUS

The heat radiator used in the present tests was developed for the
purpose of investigating transient heating effects in aircraft structures.

Because heating rates of 30 Btu/ftz—sec were attained in portions of the
structures of research missiles, the requirement was made that the tran-
slent heating spparatus be capable of equal or higher heating rates.
Heating rates of such magnitude are substantially higher than those that
are provided by industrisel instellations employing radiant heating of
relatively lasrge areas.

Construction of Radiant Heater

The construction of the redient heater is illustrated in figure 12.
The heat-radieting element is a graphite rod heated to approximately
I, 700° F by passing electric current through the rod. The rod is clamped
at the ends in grephite blocks which serve as mechenical supports and as
terminals through which the electrical current passes. Each basic heating
unit, coneisting of & graphite rod and terminsl blocks, 1s bolted at the
ends to nonconducting asbestos-cemenit sheets. A ceramic spacer is placed
between the graphite terminal and the asbestos-cement sheet to maintain
the temperature of the latiter below the recommended maximum of 600° F.
The asbestos-cement sheets on which the heating units are assembled are
supported on a light structural-steel frame. The graphite rods are
assembled into arrays in which the length, number, and spacing of rods
are varied to suit the size of the specimen and the density of power
dissipation desired. In the present tests the radiator (fig. 13) con-
sisted of 48 rods of 21-inch active length and 3/8-inch diameter st

l-inch spacing. These rods had a drop of epproximately 2% volts per inch

of length with a current of 800 amperes flowing. A reflector consisting
of 1/hk-inch clad aluminum plate was pleced behind the rods.

Power Supply

Radiators of thls type are used with adjustable-voltage and with
constant-voltage power sources. In the present investigation power was
supplied from two adjustable-voltage motor-alternator sets, each of
1,000 kilovolt-ampere capaclty at 460 volts, three phase. Each motor-
alternator supplied one-half the radiator; thus, the 48 rods of the
radiator were connected in two 3-phase delta banks with 8 rods in each
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phase. Adjustable-voltage power sources are advantageous in that oper-
ation can be conducted at any power level within the range of the equip-
ment, and power to the radiator can be varied with time or maintalned
constant during the heating test.

The limitation on maximum power dissipation per unit frontal area
of the radiator, and therefore the limitation on maximum heating rate
with the present type of apparatus, appears to be the occurrence of
arcs between adjacent rods. - When the rods are heated to incandescence,
quantities of graphite particles are driven off the surfaces of the rods
and these particles form conducting paths through the air between rods.
Operation of the radiator during arcing appears undesirable for several
reasons: The current to the radiator fluctuates rapidly, radiation
from local areas undergoing arcing will be veriable, and it is possible
that the specimen mey be damaged by an arc from the radistor to the
specimen. In order to reduce arcing with the present radiator, ceramic
barriers were placed between the rods.

Becauge of the loss of material from the surface of a rod during
heating, the rods have a limited useful lifetime. At power levels such
as used in the present tests the rods have a life of approximately
2 minutes at operating temperature. This life is sufficlient to mske
4 to 6 rapid-heating tests. As the graphite rods diminish in size with
use, the electrical resistance increases and the power disslipated decreases.
This decrease amounts to about 20 percent of the power after 2 minutes
use. With an adjustable-voltage power supply, however, the power to the
rods can be adjusted to compensate for the changing rod characteristics.

Thermal Shield

The thermal characteristics of the graphite rods require the use of
a thermal-radiation shield between the rods and test specimen to control
the heat supplied to the specimen. At the start of a heating cycle, the
graphite rods require 15 seconds, or longer, to come to operating temper-
ature; after the power to the rods 1s shut off, the rods require several
minutes to cool. The thermal shield is interposed between the heater
and specimen before & heating test is started. When the rods reach the
desired operating condition, the shield is withdrawn and the specimen is
exposed to heat. After the desired temperature or heating time is reached,
the shield is agaln interposed. The thermal shield consisted of a l-inch-
thick sheet of insulating board faced with 1/k-inch-thick asbestos sheet
on the heater side. The asbestos sheet was deteriorated rapidly by the
intense heat and was periodically replaced.

In the present tests the one-plece thermal shield was manually with-
drawvn. A two-plece shield, actuated by compressed air, has been developed
for use in future tests. In the two-plece shield the two halves of the
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shield part on a line parallel to the longitudinsl axis of the specimen
and move away from each other In order to expose the specimen to the
heat symmetrically and more rapidly.

Performance of Radistor

Figure 14 shows the radiator in operation during one of the heating
tests. The thermal shield has been withdrawn and the beam is exposed
to the radiated heat. This figure clearly shows the large quantitiles
- of incandescent carbon particles that are conducive to arcing between
rods.

The heating rates achieved with radlant heaters are, of course,
affected greatly by the surface conditlon of the body being heated.
Aluminum~-alioy sheet in the as-received condition will absordb approxi-
mately 20 percent of the incident radiation. In order to increase the
abgorptivity of the specimens of the present investigation, one coat
of flat black lacquer was applied to the surfaces to be heated. Pre-
vious tests of surfaces so treated indicated that approximately 90 per-
cent of the incident radiation from the grephite rods is gbsorbed.

The heating rates produced by the graphite-rod heat radiator in
aluminum-alloy sheets coated with black lacquer are shown in figure 15
for various distances between sheet and radlator. Curves for two
densities of power input, 180 and 90 kilowatts per squaere foot of frontal
area, are given. The heating rate achieved in the test specimen decreases
as the distance from radiating rods to specimen 1s increased. Because
of the presence of the thermal shield, the minimum distance 1s approxi-
metely 2 inches. In the present tests the specimens were approximately
4 inches from the radiastor. At the higher of the two input powers shown,

a specimen heating rate approaching 100 Btu/ftz-sec is achieved at a
radiator-to-specimen distance of 2 inches. It will be noted that the

original objJective of a heating rate of 30 Btu/fta—sec is possible at
distances up to as much as 12 inches and somewhat more.

At the higher input, 180 kilowatts per square foot, shown in fig-
ure 15, arc-free operation of the radiator 1s obtained with rods at
l1-inch spacing. The radiator has been operated et power 1inputs of
230 kilowatts per square foot, which produced heating rates in excess

of 100 Btu/ftz-sec with the specimen approximately 3 inches from the
radiastor, but some difficulty with arcing was encountered.
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APPENDIX B
ELEMENTARY ANALYSIS OF THERMAL STRESSES

The effect of nonuniform temperature distributions on stresses in
an idealized multiweb box beam (see fig. 10(a)) is analyzed. The temper-
ature distribution shown in figure 10(b) is an ideslization of the dia-
tributions measured 'in the test specimens. A more general analysis of
stresses in a stiffened shell structure having a nonuniform temperature
distribution is given in reference 1.

The following symbols are defined:

A ‘cross-sectional area, sq in.

a,m constants

by depth of section, in.

B modulus of elastlcity, psi

ty thickness of web, in.

T temperature, OF

y coordinate axis

o coefficient 'of thermal expansion, per Op
€ normal strain

o normel stress, psi

Subscripts:

1 high temperature '
2 low temperature

W web

With the assumption that plane cross sections remain plane, the
strain at any point is given by

€ = %+ aT (B1)
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and the stress is
o = E(e - o) (B2)
The linear variastion of strain across the section can be written
€ =a+my

vhere a and m are constants. Substituting this relation into the
expression for stress (eq. (B2)) gives

o = E(a + my - of) (B3)

For particular points on the cross section, this equation for normal
stress is written with appropriate subscripts. For example,

for high-temperature flange:
0 = El(a + my - alTl) (BLa)
for low-temperature web adjacent to high-temperature flange:
Oy = Ea(a + my - a2T2) (Bib)
for low-temperature flange:
op = Ep(a - a,Ty) (Bke)
for low-temperature web adjacent to low-temperature flange:

Oy = Ee(a. - 0'.2'1‘2) (Bhd)

The constants & and m can be evaluated with the aid of the
equilibrium equations '

fch=o (B5)

foydA=O (B6)

for forces and moments, respectively, on the cross section.
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Substitution of equations (B4) into equations (B5) and (B6) gives

by
E2A2(a - u,2T2) + ElAl(a + mby - or,lTl) + L Ez(a. + my - a.2T2)'bw dy = O

by
ByArby(a + mby - a7y ) + L E2<a. +my - agly )ty &y = O
which, after integration, are

Bphp(a - oplp) + EyAy(s + mby - oqTy) + Epty(aby + £ nby® - agTaby) = 0
(37

EyAyby(a + mby - Ty + Eatw(% aby? + % mby” - £ aglpby?) = 0
(B8)

From these expresslons the constants are found to be

a= (ElAJ_alTl + EphppTp + E2tvf°bF2T2)(E]_Al + E?E) - ( EyByoqTy + Fzé——t“'bw GZTEZ(ElAl + &;ﬂ)
(mata + Bt + )y + T50%) - (mypy + Z%)°

(El“-l"'lTl + Fz;—"bﬂ °’2T2)(El“-1 + Ephp + Eptyby ) = (ByAyaT) + EphousT, + Eafwbuﬂ-a‘l'a)(gl‘kl + EEEHBH)
2
(mAy + Exhp + Eetwbw)(Elﬁl + Eggﬂzﬂ)(Elﬂi + EQEHEE)

=
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Substitution of these values of the constants into equation (B4a)
glves

1+ 4 181 + 4 Fofo +
Eptyby  Eptyby (Eotyy)?

Similarly, equations (B¥b) to (B¥d) can be evaluated.

The buckling stress 1n the heated covers of the box beams tesgted
can be calculated by substitution of the following values (corresponding
to the temperatures at buckling) into equation (B9):

T, = 580° F To = 80° F

Ey = 7.9 x 106 (ref. 2) Ep = 10.7 x 10°
oy = 146 x 1076 (ref. 3)  ap = 12.5 x 10-6
A = 0.49 Ap = 0.49

tyby = 0.64

The values of A; &and A, were obtained by dividing the total cross-
sectional area of the cover by the number of webs. The value of ‘tyby
is the area of one web including attachment flanges.

The calculation ylelds a compressive thermal stress of 20,900 psi

in the cover at the average temperature at which buckling was observed
in all the beams.
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TABIE I

TEST DATA AND RESULTS FOR BOX BEAMS SUBJECTED TO RAPID HEATING

Beam 1 | Beam 2 |Beam 3 | Beam 4

With ribs Without ribs
Heating rate, Btu/ft2-gec 90 29 77 ol
Maximum temperature rate, °F/sec p=r8 70 188 59
Heating time to buckling, sec 2.3 8.4 2.8 9.2
Average skin temperature at buckling, °F 555 590 560 565
Beating time to maximum temperature, sec y 16 y 12
Maximum skin temperature, OF 1,040 | 1,140 800 800
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Figure 7.- Temperature distribution in beam 4. Heating rate, 24 Btu/f‘be—sec.
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Figure 9.- Time history of strain at center of web. Beam 3.
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Figure ll.- Typical beam deformations after heating.
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Figure 12.- Construction of graphite-rod heat radistor.
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1-843111,1
Figure 1h4.- Multiweb box beam subjected to rapild heating by radiation
from graphite-rod heat radiator.
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Figure 15.- Heating rates produced by grephite-rod heat radiator. Aluminum-
alloy sheet coated with flat black lacquer.
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